Phenol is an important commodity for the chemical industry, used for many processes and deemed to be a major pollutant due to its xenobiotic nature and high toxicity. For the purpose of phenol bioremediation a biotechnological set up consisting of a continuous packed column bioreactor with Candida tropicalis adhered onto activated carbon beads has been previously described. In this work, we show how the integration of available experimental data of such a biotechnological set up into a mathematical model, can lead both to a better comprehension of the underlying physiological mechanisms operating in the cell culture, and to the identification of the system parameters optimum performance. The model so constructed describes the dynamics of phenol uptake and growth rates by the adhered and suspended biomass; the lethality rates; the adhered biomass removal into suspension or adherence onto carbon beads rates and the phenol and biomass (adhered and suspended) concentrations. It also serves to identify different physiological states for the adhered and the suspended biomass; its predictions being verified by comparing with experimental observations. Based on the model description, different optimization strategies are proposed, some of which have been experimentally tested, encompassing changes in bioreactor operation conditions, process development and strain development.
Introduction
Phenol is an important commodity for the chemical industry, used for resins production, synthetic fibers and pharmaceuticals [1] . Altogether these industries account for 80% of the utilization of the 6 million tons/year of the phenol world production [2] . It is also the by-product of petrochemical plants and paper mills. Phenol, due to its xenobiotic nature paired to a high toxicity at low concentrations in water [3] , is a major pollutant.
The last two decades have witnessed an increasing awareness for cleaner manufacturing practices and for preserving water resources. Given the toxic and harmful effect of the phenol effluents coming from industries, increasing attention has been devoted to phenol removal from wastewater streams [3] [4] [5] . The current treatment for phenol physical removal involves adsorption plus oxidation or desorption, both being energy consuming and costly [5] . Thus, bio-oxidation has become a suitable, low-energy consuming alternative, albeit at slower rates than sorption processes [6] . Therefore, attempting higher bioprocess rates is a biotechnologically relevant goal.
Yeasts show the ability to oxidize and cleave aromatic rings where phenol, being a reduced carbon source, can serve as an energy rich nutrient [7] [8] [9] . In this regard several process strategies have been proposed [5] . Among the reported strategies for phenol bioremediation are the use of aerobic granulated consortiums [3] and cell immobilization [10] [11] [12] . In the second case, where selfadherence of cells onto porous solid surfaces occurs, an increased conversion rate of substrates by yeasts is observed [13] . Reference [9] has shown that, in a phenoldegrading granular consortium, a film of Candida tropicalis on the surface is formed. However, it has been also demonstrated that phenol displays growth inhibiting and lethal effects on yeast cultures [9, 14] .
A strategy employing at a trade-off between higher phenol uptake and growth-inhibition and lethality has been recently reported [11] . In the present work, based on the experimental observations made by these authors, we have built a mathematical model of this set up. In the report alluded to, the experimental results are presented graphically and described phenomenologically. Reference [11] reports total phenol removal for most of the experimental conditions tested. Overall phenol removal rates could be calculated from the experimental measurements performed as also adhered and suspended biomass concentrations were measured. Several processes can be inferred from the experimental set-up, namely the process of cell adherence to, and disengagement form, the activated carbon beads; adhered and suspended cell lethality and, most importantly, the phenol removal discriminated for the adhered and suspended cell populations. Since the experimental set-up did not allow the calculation of the rates of these processes a model of this bioprocess in power law formalism [15, 16] was built. Based on this model we aim first, to get insight on the basic mechanisms involved in the phenol mineralization and cell growth and then, to use this knowledge to define optimization goals.
Material and Methods

The Experimental Set up
The modeled process is described in [11] . It consists of a sparged, packed column bioreactor running in continuous mode with phenol-saturated activated carbon beads previously colonized with Candida tropicalis. In addition to the suspended cell culture, activated carbon beads provided a bed where adhered Candida tropicalis cells grew; both cultures (either in liquid or onto solid phase) being in a dynamic equilibrium (Galíndez-Mayer; personal communication). Micrographs in the paper alluded to, show yeasts growing discretely on the carbon beads, and no biofilm formation. The process start-up was reported by [11, 17] . After the saturation of the carbon beads with phenol, colonization was carried out and transient process kinetics ensued at a low feed at the necessary rates to achieve the experimenttal dilution rates. Phenol concentration was measured in the bio-reactor. The transient kinetics experimental conditions are used to simulate the phenol uptake batch process employing the suitable kinetic equation and parameter values.
The system was fed with a phenol-compounds mixture as sole carbon source. Steady state biomass (total and suspended) and unconverted phenols concentrations were measured at three different phenol inlet concentrations and feeding rates.
Two types of experimental behavior were observed. At low to medium phenol load rates (up to 50 mg·L
an almost null outlet phenol concentration and a high biomass concentration with a high adhered/total biomass ratio resulted. At higher phenol load rates, reduced biomass concentration and high phenol outlet concentrations were observed. In these conditions the adhered/total biomass ratio observed was lower than in the previous conditions. Figure 1 shows the proposed kinetic model of the experimental set up for phenol bioremediation by using C. tropicalis [11] . According to this scheme there are three independent variables, the medium phenol concentration, PhS; and the suspended XS and adhered XA biomass concentrations. The physiology of phenol biodegradation shows the importance of oxygen in the process [18, 19] . Nonetheless, the bioreactor configuration and operation provided an oxygen transfer rate and mixing assuring an abundant supply of oxygen [11] . Stoichiometric calculations (results not shown) demonstrate the oxygen culture medium concentration to be almost constant, so it was discarded as a variable. Phenol is fed to the system at a constant rate V Phin and leaves the bioreactor at a rate V Phout . These rates are a function of the phenol concentrations PhS and the volumetric flow rate. Once within the culture medium, phenol is taken up at a rate (R PhA ) by the adhered-and a rate (R PhS ) by the suspended-yeast biomass and used for biomass growth and energy production. The growth yields on phenol are described in the model by the parameters  S and  A for the XS and XA, respectively. The XA and XS yeasts decay at different rates (R XAD and R XSD , respectively) and are dislodged (R d ) or immobilized (R a ) at rates according to each experimental condition. Suspended cells (XS) leave the system at the V XSout rate. In The corresponding rate equations in Equations (1)- (3) are given by the following power law kinetics: the chosen power law formalism [15, 16] the transport and bio-kinetic phenomena rates are expressed as a kinetic rate multiplied by the variables concentrations influenced by a kinetic coefficient to weight the impact of the concentration on the rate assessed.
The Model
In the model there are two types of regulatory signals. Those from PhS to the phenol uptake rates, RPhA and R PhS and those from PhS to the yeasts decay rates R XAD and R XSD . The first ones are represented in the model equations by the kinetic order parameters gPhA1 and gPhS1. In this case the values of the regulatory parameters quantify the net influence of the phenol concentration on the biomass growth. In the second ones, the corresponding parameters gXAD2 and gXSD2, account for the negative effect of phenol on yeast biomass due to its toxic nature.
In Equations (4)- (9) each biochemical rate is expressed as a product of a rate constant () and the variables of the system subject to characteristic kinetic orders (g). Their metabolic meanings are listed in Table 1 . Kinetic orders can have non-integer values [16] . This features greatly facilitate the modeling process since, in the absence of data on the detailed reaction mechanisms (see [20, 21] ), we proceed by condensing several processes into simplified representations. This aggregation of information is conveniently represented by power-law expressions [16, 20, [22] [23] [24] .
The mass balance equations for the kinetic model thus described are:
The model involves eighteen parameters (rate constants, kinetic orders and ; see Table 1 ) to be deter- mined from seven different sets of experimental steadystates data taken from [11] . These parameter sets were estimated from two series of experimental data, as provided by [11] ; corresponding to conditions of low phenol output (LPO) and high phenol output (HPO). Estimates so obtained are unique for each parameter, except for the  where the estimation method yields a couple of them, HPO and LPO, which correspond to LPO and HPO conditions respectively. Five of these steady state are characterized by a low phenol input flux (V Phin ) and an even lower phenol output flux (V Phout ) while two show higher values of V Phin and V Phout . Each steady state is determined by the values of the independent variables and rates (3 concentrations and 3 rates) and the eighteen parameters. Since there are less variables that parameters we have to face an identifiability problem; that is, different sets of parameters can account for the same steady state [25] . We deal with this problem by searching for the parameter sets able to represent the maximum number of experimental data at the most different operating conditions.
For this purpose a Modified Genetic Algorithm was used for steady state parameter estimation [23, 26] . The objective-function defined with this aim was set up in order to simultaneously accomplish with two wanted features of the solutions: to be stable and integrable. Stability is a prerequisite for any solution to be biologically relevant while integrability refers to as the capacity of each parameter set to produce a numerical solution with an integration time lower than the actual experimental time when using a standard integration method. Both, stability and integrability were weighted by different factors, in order to allow the fast discrimination among similar sets of parameters. This composed objective function is defined as: 
being [Ĵ] the Jacobi matrix determinant. A third requirement for the selection of the suitable solution parameter set is the system robustness. Robustness is defined in terms of the sensitivities of the systems response to changes is the system parameters. There are two types of sensitivities, those of the rate constants and those of the kinetics orders sensitivities [16, 27, 28] . A rate constant sensitivity is defined as the ratio of a relative change in a dependent concentration, X i or flux, R i , to a relative change in a rate constant ( j ). The corresponding expression is where the subscript 0 refers to the steady state. Similarly, the kinetic order sensitivity coefficients are defined as:
where the subscript 0 refers to the steady state. Similarly, the kinetic order sensitivity coefficients are defined as:
Sensitivity analysis offers a characterization of the quality of a model, since it indicates whether the model is able to tolerate structural changes.
The systematic application of the above described search together with the sensitivity analyses of the model performance led us to the identification of five sets of parameters yielding stable, integrable and robust steady states. All of them showed congruence with the experimental growth yield and phenol concentrations measurements observed in different, independent experiments.
Model Selection
The experimental data of the startup transient kinetics [17] were used for the selection of the parameter set that best represents the observed behavior.
Results and Discussion
As described in the previous sections, the model analysis leads to a final selection of five sets of parameters, each of which is able to describe the whole range of observed experimental behavior. However, these 5 sets can be grouped into 4 distinct operating scenarios as represented in Regarding the sensitivity analysis for the selected five sets showed varied values but the mean values in each of them was 8, thus indicating that in all the scenarios the model is robust enough.
However, two of the scenarios showed in Figure 2 (Panels A and B) are mutually exclusive, that is, each of them ascribe phenol uptake wholly to either suspended or adhered biomass, which is contrary to the observed process performance. Therefore these two sets are not further used for analysis. Note that all these alternative scenarios adjust to the experimental measurements carried out, and that the experimental set up and measurements made precluded the calculation of some of these process rates.
For model selection and verification we compared the remaining scenarios (Panels C and D) with the observed dynamics in the same experimental set up but in different conditions.
In Figure 3 it can be seen that, by using unpublished experimental transient kinetics data obtained by [17] in transient process at 1500 mg/L phenol feed, model predictions based in the parameters set 3 (Panel C in Figure  2 ; see Table 2 ) fits well with the system evolution in one of its key variables (the Phenol concentration); other predicted variables (adhered biomass and suspended biomass concentrations) showing physiologically acceptable values. Figure 4 (a) also illustrates another feature of the model of the system; namely that the R PhA rate is less sensitive to the medium phenol concentration (PhS). Some possible mechanisms can account for this prediction. One is related to the supposition that XA mainly takes phenol from the liquid phase, the phenol in the carbon beads being depleted. Another explanation is based in the negative regulatory influence of PhS on R PhA through the combined kinetic order gPhA1 (see Figure 1 and Equations (4) and (5)). This kinetic order quantifies two opposite effects of PhS on the R PhS rate; one being the positive influence of PhS as substrate for growth and one negative, as an stressing factor. A similar insensitivity pattern is observed with respect to R PhS rate, although of lesser magnitude. In this case the mechanism responsible could be the negative regulatory influence of PhS on R PhS through the combined kinetic order gPhS1. Accordingly, this parameter set was used to simulate the rates of the model. The rates were calculated versus phenol and adhered or suspended yeast concentrations, according to Equations (4)- (9) . This is shown as Figure  4 .
An interesting observation regarding the comparison of the calculated adhered (R PhS ) and suspended (R PhA ) biomass phenol uptake rates is that the first one is greater, as shown in Figure 4(a) . Moreover, the estimated values of the suspended ( S ) and adhered ( A ) biomass growth yield parameters show that the values for the suspended biomass yield is higher (see Table 2 ). These results suggest that, in these conditions, the adhered biomass is subject to a higher stress than the suspended cells, resulting in an approximately 20% lesser growth yield for adhered yeasts. Several research reports provide experimental confirmation of this model finding [12, 13, 29] . In the same vein, it is observed (Figure 4(b) ) that the highest rate of adhered biomass decay, R XAD , is higher than the highest rate of suspended biomass decay, R XSD . This model prediction has been experimentally observed in phenol biodegradation system using free and immobilized cells [12] and is in accordance to the hypothesized higher stress for adhered cell. Also, it is observed that the R XAD and R XSD rates are mostly insensitive to macroscopic changes in phenol concentration at the higher phenol concentrations. One of the underlying mechanisms to explain this alludes to the different phenol concentrations in the solid and the liquid phases. As it has been experimentally observed [29] , adhered yeasts show higher stress response, the R XAD rate expression (see Equation (2)) reflects this fact through the estimated values of the kinetic order gXAD2 and XAD. In the same Figure 4(b) it can be seen that both rates show saturation kinetics with respect to the biomass.
In Figure 4 (c), the evolution of the R a and R d values for the selected solution with respect to the biomass, XS and XA, respectively, is presented. It is observed that the R d values are more linearly dependent on the adhered population concentration than R a . R a shows a steep linearity with respect to the suspended yeas concentration at its lower values, and then more pronounced saturationtype kinetics, suggesting that adhesion surface becomes scarce.
Optimization Strategies
From the above analysis four optimization strategies can be suggested. The experimental observations and our model predictions show that the total amount of phenol degraded increases as the phenol inflow increases too. This seems to be in contradiction with the fact that the phenol concentration negatively affects the biomass, in fact, the biomass decreases when the inflow of phenol in the bioreactor (V Phin ) is high. However, our model also predicts that these adverse effects on biomass are less dependent of the phenol concentration at high phenol loads. In this line, reference [30] found, in a spiral packed-bed reactor, that an activated-sludge culture maintained its phenol uptake rate constant up to a 150 mg·L -1 ·h -1 with almost complete phenol conversion. Also, reference [31] found that while C. tropicalis growth is inhibited by increasing phenol concentration, the inhibition rate decreases with phenol concentration. Thus, we can conclude that the bioprocess is more efficient degrading phenol when VPhin is high. This could be attributed to the fact that yeast invests part of the consumed phenol in counteracting the stress condition. Accordingly, we propose the utilization of higher phenol input rates VPhin and the use of bioreactors in series, the first ones degrading most of the phenol and in the following the remains.
A second line of improvement can be attained by increasing the adhered biomass rate R a . In fact several reports emphasize the higher substrate up take rates by adhered as compared to suspended yeast cultures [13, 29] . Since R a is a function of XS it is advisable to increase the adhered biomass through the implementation of a cell recycler system.
A third line of improvement refers to the carbon beads. We suggest the use of a greater area of the solid carriers in the reactor able to support higher levels of biomass, as reference [32] found when treating Pyrene with suspended or "chemicaly supported" (entrapment) or "physicaly supported" (adhered) C. tropicalis cells. This research concluded that adhered cells on large area carriers converted 62% Pyrene compared to 42% for suspended cells in batch culture. Finally, our model indicates that we should address the lethality rate. The choice of a more resistant strain against high phenol concentrations, rather than a faster growing strain, since it reduces the biomass loss, would enhance the biotransformation.
Conclusion
Our work suggests, based on a well informed mathematical model, a set of improvements to a phenol bioremediation biotechnological process. The modeled system consists in a continuous bioreactor of adhered and suspended Candida tropicalis yeast where phenol is incurporated at a constant rate to the bioreactor. We found out that increasing phenol input over the values used in previous studies (about 50 mg·L -1 ·h -1 , [1] ) and increasing the amount of particle adhered yeasts produced an increase in the phenol degradation rate. Also it is found that the arrangement in series of a set of bioreactors combined with the increase of the phenol input rate can upgrade the phenol elimination yield. Our result also shows that the death rate of biomass is critical in limiting the phenol uptake. We conclude that a key strategy to significantly improve the phenol bioremediation process is through the use of more resistant strain against phenol of Candida tropicalis.
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